The human brain forms a large-scale structural network of regions and interregional pathways. Recent studies have reported the existence of a selective set of highly central and interconnected hub regions that may play a crucial role in the brain's integrative processes, together forming a central backbone for global brain communication. Abnormal brain connectivity may have a key role in the pathophysiology of schizophrenia.
T he human brain is a complex network of structurally and functionally interconnected regions. Studies [1] [2] [3] [4] examining the brain's underlying network structure are motivated by the notion that brain function is not solely attributable to the properties of individual regions or individual connections but rather emerges from the network organization of the brain as a whole, the human connectome.
3,5-8 Conversely, brain dysfunction may result from abnormal wiring of the brain's network. 9, 10 The notion that schizophrenia, a severe psychiatric disorder characterized by hallucinations, delusions, loss of initiative, and cognitive dysfunction, may relate to disconnectivity among brain regions has a long history. As cited by Stephan, 11 Wernicke was among the first to suggest that schizophrenia may involve anatomical disruption of association pathways. Bleuler, 12 who coined the term schizophrenia, hypothesized that decoupling of psychological processes might be the primary cause of the disease. Lately, studies using imaging techniques, such as diffusion tensor imaging (DTI) and functional magnetic resonance imaging (fMRI), have reported widespread disconnectivity in patients, in particular reduced integrity of frontal and temporal white matter connections [13] [14] [15] [16] [17] [18] [19] and affected functional coupling of the default mode network. [20] [21] [22] [23] [24] [25] A few highly connected and central regions, the so-called hub nodes, have a key role in the global topology of the brain's network. 1, [26] [27] [28] [29] [30] Previous network studies 29,31-35 report disruptions in the overall organization of structural connectivity (SC) and functional connectivity (FC) in patients with schizophrenia, together with a less centralized position of some of these hubs in the frontal, temporal, and parietal cortex. 9 However, it remains unknown whether reduced connectivity of hubs constitutes a nonspecific generalized phenomenon involving white matter connectivity to and from all brain regions or whether this disruption disproportionally involves pathways that link highly connected regions. In the healthy brain, hubs have been found to be densely interconnected, together forming a central core or rich club, 1, 36, 37 with rich club connections having a pivotal role in interregional brain communication. 38 We test the hypothesis that disturbed wiring of this central rich club may contribute to the pathophysiology of schizophrenia. Using neuroimaging data in a group of 48 patients and 45 healthy controls, we examined potentially abnormal connectivity of the brain's rich club and the relationship of a disruption of this communication backbone to (reduced) levels of global communication capacity and changed functional dynamics in the brain networks of patients. An independently acquired data set of patients and controls (41 patients and 51 controls) was used to replicate possible findings.
Methods
Two data sets were included: a principal data set of 48 patients and 45 healthy controls collected with 3-T MRI and an independent replication data set of 41 patients and 51 matched controls acquired with 1.5-T MRI. Demographics of the data sets are listed in the Table (see also the eMethods in Supplement for a detailed description of the demographics). All participants provided written informed consent. Participants underwent psychiatric assessment procedures at the Department of Psychiatry, Rudolf Magnus Institute of Neuroscience, University Medical Center Utrecht, Utrecht, the Netherlands, using the Comprehensive Assessment of Symptoms and History. Diagnostic consensus of patients was achieved in the presence of a psychiatrist with the DSM-IV criteria for schizophrenia.
Data Acquisition and Analysis
Principal Data Set The principal data set was acquired with a 3-T scanner (Philips Achieva). T1, DTI (2 sets of 32 weighted directions), and resting-state fMRI data (8 minutes) were acquired (eMethods in Supplement).
39-41
Replication Data Set The replication data set was acquired with a 1.5-T clinical scanner (Philips Achieva) and included a T1, DTI (2 sets of 30 directions), and resting-state fMRI scan (8 minutes).
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Preprocessing Data processing steps are illustrated in Figure 1 (see eMethods in Supplement for a detailed description). First, the gray matter cortex was parcellated into distinct regions using the Freesurfer software suite (Athinoula A. Martinos Center for Biomedical Imaging at Massachusetts General Hospital) ( Figure 1A ), including 68 cortical regions and 14 subcortical regions. 43 Second (Figure 1B ), DTI scans were realigned and corrected for motion and susceptibility distortions. White matter pathways, referred to as fibers or tracts, were reconstructed using streamline tractography. Third ( Figure 1C ), resting-state time series were realigned, coregistered with the T1 image, detrended (linear trends and first-order drifts were removed), corrected for global effects (regressing out 6 motion parameters, white matter, ventricle, and global mean signals), and band-pass filtered (0.01 to 0.1 Hz). Motion correction on the time series 44, 45 and analyzing the functional data without global mean correction 46, 47 did not change the nature of the results reported (see eResults in Supplement).
Connectivity Analysis
For each study participant an SC and an FC network were created as follows.
Construction of Structural Brain Networks
For each data set a structural brain network was created by combining the collection of reconstructed fiber tracts with the individual parcellation map ( Figure 1B , eMethods in Supplement). A network consists of a set of nodes and connections that can be mathematically expressed as a graph: G=(V,E), with V indicating the collection of nodes and E the collection of edges between the nodes. Two networks were created: (1) a cortical network consisting of 68 cortical regions and (2) a wholebrain network consisting of the 68 cortical and 14 subcortical regions. Network nodes i and j were defined as being structurally connected when a set of fibers was found from the total collection of reconstructed streamlines that interconnected them ( Figure 1B ). In addition to analyzing weighted networks based on absolute streamline count, an analysis was performed in which the weights of the connections were expressed as streamline densities, computed as the number of streamlines divided by the individual volumes of the 2 interconnected regions of interest.
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Construction of Functional Brain Networks
For each data set, the level of FC between each pair of nodes in the network was computed as the correlation between their averaged regional time series ( Figure 1C , eMethods in Supplement). The nodes of the functional network were taken in a similar manner as the nodes in the structural network to enable direct comparison between the 2 types of networks.
Graph Analysis of Structural Connectome Topology
Graph Organizational Metrics Characteristic graph metrics were computed to examine possible differences in overall connectome topology between patients and controls. Graph metrics are described in detail elsewhere. 36, 48 Examined metrics included the degree strength (computed as the sum of the weights of the node's connections), the clustering coefficient (reflecting the level of local connectedness of a node), the shortest path length (reflecting the mean minimal travel distance between nodes in the network), the global efficiency (reflecting the capacity for networkwide communication), and the modularity (reflecting the level of community structure in the network 49 ). All metrics were computed based on the individually weighted (streamline count) networks. Clustering and length were compared with the clustering coefficient and shortest path length of a set of random networks (n = 1000), 48 providing a normalized clustering coefficient γ and normalized path length λ, respectively.
Rich Club Organization of the Structural Brain Network
The so-called rich club phenomenon in networks is said to be present when the highly connected (high-degree) hubs of a network are more densely connected among themselves than predicted on the basis of their high degree alone. 50 Rich club organization of the human connectome was found in a previous study. 36 A weighted version of the rich club behavior incorporates the weights of the edges in the network, 51 examining the level of density between the subset of selected nodes in the network. A formal description of the weighted rich club coefficient is given in the eMethods in Supplement. In short, the weighted rich club coefficient Φ w (k) is computed as the sum of the weights of the subset of connections E >k of the nodes with a degree >k in the network divided by the sum of the set of the strongest E >k connections in the total network. Φ w (k) is typically examined relative to the averaged rich club curve Φ w random(k) of a (set of) comparable random network(s) to determine the extent to which empirically observed connection density between rich club nodes exceeds that predicted c Statistically different, within data set.
d Parental educational level: principal data set: ranging from (unfinished) primary school education (1) to university (7); replication data set: ranging from no education (0) to university (8) .
e Other diagnoses include brief psychotic disorder, psychotic disorder not otherwise specified, and delusional disorder. f Statistically different, between data sets. g Atypical antipsychotics include risperidone, olanzapine, quetiapine, clozapine. and aripiprazole; typical antipsychotics include haloperidol, penfluridol, pimozide, zuclopenthixol, and perfenazine; significant group differences (P < .05) are indicated per study. 
Rich Club Connectivity in Schizophrenia
Rich Club Nodes
Rich club regions as described throughout this article were selected on the basis of the group-averaged cortical network, set at a rich club level of k>15, as previously reported. 36 Selecting the rich club regions on the group level was consistent with selecting rich club regions on the individual level by ranking for each data set the nodes on the basis of rich club level k and selecting the top 12% of most consistently ranked nodes across the group of subjects (Results). 36 Rich club effects as reported in this article were also present at other group levels of k, as well as when the rich club was selected on the individual level (eResults in Supplement).
Connection Classes: Rich Club, Feeder, and Local Connections
On the basis of the categorization of the nodes of the network into rich club and non-rich club regions, edges of the network were classified into rich club connections, linking rich club nodes to rich club nodes; feeder connections, linking, rich club nodes to non-rich club nodes; and local connections linking non-rich club nodes to non-rich club nodes ( Figure 2C ).
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Analysis of Functional Coupling
Individual functional networks were examined for their nodespecific level of connectivity strength (ie, the total sum of connectivity strength of a node) and their level of modularity. 48 
SC-FC Relationship
For each network, a correlation analysis was performed between the strength of the structural connections and their functional counterparts. All nonzero entries of the SC matrix were selected, rescaled to a gaussian distribution, and correlated with their functional counterparts selected from the FC matrix. This resulted in a single SC-FC coupling metric for each of the brain networks. 54 Rescaling of the structural weights to a gaussian distribution 1, 54 was used to normalize the distribution of SC values. Rescaling did not change the nature of our findings (eResults in Supplement).
Statistical Analysis
To evaluate the statistical relevance of observed effects (eg, rich club coefficient, rich club, feeder, local connectivity density, and graph metrics), permutation testing was used to randomize group assignment (eMethods in Supplement for a detailed description). 29, 55 Permutation testing yielded an empirical null distribution of effects under the null hypothesis that patient and control groups were not different, assigning the difference between the patient and control group a (2-tailed) P value by de- A, Individual T1 images were used for automatic classification of gray and white matter tissue and parcellation of the cortex into 68 distinct brain regions, forming the nodes of the individual brain networks. B, Streamline tractography was applied to the diffusion tension imaging (DTI) data to reconstruct cortico-cortical white matter pathways. From the set of reconstructed streamlines, streamlines that interconnected region i and j from the set of 68 or 82 regions were taken as an edge between node i and j in the structural brain network. Streamline count was taken to represent the weight of the connection and was aggregated into a structural connectivity (SC) matrix. C, Functional connectivity (FC) between node i and j was computed as their level of correlation between their resting-state function magnetic resonance imaging (fMRI) blood oxygenation level dependent (BOLD) time series, resulting in a matrix FC. D, The topologic organization of the resulting individual structural brain networks was examined, including (among other metrics) measurements of the rich club, global strength, and global efficiency (top). The level of coupling between SC and FC was examined by computing the level of correlation between the weights of (existing) structural connections and their functional counterparts. This correlation is referred to as the level of SC-FC coupling. At the group level, values were examined between the patient and control groups (for both the principal and replication data sets). Statistical evaluation was performed using permutation testing (see Methods and eMethods in Supplement).
termining the percentage of the computed null distribution that exceeded the empirically measured metric.
Results
Rich Club Organization
Principal Data Set Rich club organization was found in the structural networks of both the healthy controls and the patient group. Rich club members included bilateral precuneus, superior frontal cortex, superior parietal cortex, and the insula ( Figure 2B ). Figure 2A illustrates the group averaged normalized Φ w rich club curves of both the control and patient networks (based on streamline count). Patients had a significantly reduced rich club organization, reflecting a lower level of connectivity between central hubs of the brain (cortex: P = .03 for rich club range k=16 to k=28); a marginal effect was found for whole brain networks: P = .04 range k=28 to k=29; 10 000 permutations). Dividing off the regional volume (correcting for possible regional volumetric effects) did not change the nature of our findings (cortex: P = .01; whole brain: P = .10; 10 000 permutations). Notably, reduced rich club organization in the patients was most pronounced in the cortical networks, suggesting that connectivity is perturbed between cortical hubs in schizophrenia.
Rich Club
Replication Data Set
Confirming abnormal rich club organization in patients, the replication data set demonstrated a reduced Φ w regimen in the cortical networks (cortex: for k = 15 to k = 20, P=.003; whole brain: for k = 27, P=.18; both 10 000 permutations, Figure 3A ).
Density of Rich Club, Feeder, and Local Connections
Principal Data Set Further examining reduced rich club interconnectedness, statistical testing revealed a reduced level of SC density (ie, streamline count dividing off regional volume) of rich club connections (ie, connections that link the group-averaged rich club members) in patients (P = .01, permutation testing, 10 000 permutations, Figure 2D ). In contrast, this effect was nonexistent for feeder connections and local connections (P = .27 and P = .99, respectively) ( Figure 2D ). Selection of rich club nodes on the individual level, instead of a priori selection of the rich club nodes on the basis of the group data, revealed similar results (eResults in Supplement). To provide insight into whether abnormal connectivity might be concentrated to the rich club, the ratios of densities between rich club and feeder connections, as well as the ratio of densities between rich club and local connections, were tested between patients and controls (eResults in Supplement). Statistical testing revealed that both ratios were significantly lower in patients compared with controls (P = .04 for rich club-feeder connections and P = .02 for rich club-local connections). Rich club differences were also present when patients with the diagnosis of schizoaffective disorder were excluded (eResults in Supplement).
Replication Data Set
Structural density of rich club connections was significantly reduced in patients (P = .04, 19% reduction), whereas no difference was found in structural density of feeder connections (P = .17). In the replication data set, density of local connections was found to be statistically different from controls but less pronounced than the reduction in rich club density (P = .04, 14% reduction, Figure 3C ). Patients had a significantly reduced rich club organization for the range k=26 to k=28, reflecting a lower level of connectivity between central hubs of the brain (cortical: P = .003; whole brain: P = .04; 10 000 permutations) B, Confirming previous findings, rich club members included the bilateral precuneus, superior frontal cortex, superior parietal cortex, and the insula in both the healthy and patient populations. This figure is based on the group-averaged cortical network in controls (at a rich club level of k >15). 53 C, Edges across individual brain networks (both controls and patients) were divided into 3 distinct classes: rich club connections linking rich club members (red), feeder connections linking rich club members to non-rich club members (orange), and local connections connecting non-rich club members (yellow edges). Examining the density of rich club, feeder, and local connections between the populations of controls and patients revealed a significant reduction in rich club density in patients but no significant effect in density of feeder and local connections. Principal Data Set Connectivity strength was found to be reduced in patients (weights based on streamline count; cortex: P = .04; whole brain P = .03, 10 000 permutations) ( Figure 4A ). Both controls and patients had a small-world organization of the structural connectome, showing a high level of local clustering (normalized clustering-coefficient γ>>1) and a high level of global integration (normalized path length λ of approximately 1). Global efficiency was found to be reduced in patients (cortex: P = .02; whole brain: P = .02). Overall clustering was found to be slightly reduced in patients (cortex: P = .04; whole brain P = .02). Brain networks of patients did not differ from controls for the normalized clustering coefficient γ or normalized path length λ (eMethods in Supplement), supporting the notion of a preserved overall small-world topology, as previously reported.
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Brain networks of patients revealed an elevated level of structural modularity compared with the healthy controls, which reached statistical significance for whole-brain networks (cortex: P = .10; whole brain: P = .03). Dividing off effects of regional volume and correcting for global strength revealed a marginal decrease in overall global efficiency of patients compared with controls (cortex: P = .07; whole brain: P = .002, 10 000 permutations). No significant differences in strength or clustering were found when density-weighted networks (ie, number of streamlines dividing off regional volume) were examined.
Replication Data Set
Consistent with the principal data set, global efficiency (cortex: P = .02; whole brain: P = .02) and overall connectivity 
Healthy controls Patients
A, General topologic graph metrics.
Patients had reduced levels of connectivity strength (S) and global efficiency (GE) and increased levels of local clustering (C) and modularity (mod) (*P < .05, permutation testing, 10 000 permutations, effects of GE remained significant after volume and global S correction, cortex network). B, Across the control (top) and patient (bottom) populations, global efficiency (y-axis) was significantly correlated with rich club density (x-axis), after correcting for overall differences in global connectivity S.
strength were reduced in patients (cortex: P = .03; whole brain: P = .03). Clustering was found to be reduced in patients (cortex: P = .004; whole brain P = .01; Figure 3B ).
Rich Club Density and Global Efficiency
Principal Data Set Global efficiency significantly correlated with overall connectivity strength and rich club connectivity in both the control and patient populations. Correcting for individual variation in overall connectivity strength (regressing out over the total group of controls and patients) revealed a significant association between rich club density (ie, streamline count dividing off regional volume) and global efficiency in both the patient (R = 0.45, P = .001) and control populations (R = 0.328, P = .03; Figure 4B ), as well as over the 2 groups combined (R = 0.42, P < .001). The patient group revealed a marginal higher correlation, but this group interaction effect was not statistically significant (P = .40).
Replication Data Set
Global efficiency and rich club connectivity (corrected for overall connectivity strength) revealed a positive association at trend level for patients (R = 0.26; P = .06) and controls (R = 0.29; P = .06).
SC-FC Coupling
Principal Data Set Patients had a significantly reduced level of overall FC strength (P < .001, 10 000 permutations), supporting previous fMRI results. 32 Healthy controls had a moderate correlation between SC and FC. 1, 32 The SC-FC coupling for the cortical networks was found to be 0.25 (SD, 0.048) in the control group, whereas SC-FC coupling in patients was found to be significantly increased to 0.28 (SD, 0.044) ( Figure 5A Figure 3D ).
Association Between Rich Club Density and SC-FC Coupling in Patients
Principal Data Set A moderate negative correlation was found between rich club density (as a percentage of overall connectivity) and SC-FC in the patient population (cortex: R = −0.27, P = .04, linear regression, 1-sided) ( Figure 5B ). This correlation was absent in the control group (R = 0.026, P = .87). However, correlations between patients and controls were not statistically different (P = .11).
Replication Data Set A moderate negative correlation at trend level was found in the patient population (cortex: R = −0.26; P = .05, linear regression, 1-sided), partially confirming the results of the principal data set. This association was absent in the control group (R = 0.18, P = .31).
Correlations were not statistically different (P = .19).
Clinical Metrics
No clear association between disease symptoms (eg, Positive and Negative Syndrome Scale and Comprehensive Assess- 
Discussion
The main finding of this study is a reduced level of rich club interconnectivity in patients with schizophrenia. Connectivity density of rich club connections was found to be significantly affected in both the principal and replication data sets, indicative of schizophrenia to be associated with a disturbance in SC among key hubs of the human brain. [16] [17] [18] 58, 59 including anatomical pathways that are suggested to have a role in the rich club. 60 Our findings may thus further extend the notion of affected hub connectivity in schizophrenia, raising the hypothesis that connections among brain hubs might be disproportionally affected. Indeed, significant reductions in SC were predominantly found for rich club connections, whereas other structural pathways (ie, feeder and local connections) seem to be relative spared in patients. Our findings may thus suggest that disconnectivity in schizophrenia may, to some extent, be concentrated to connections that link the constituents of the brain's rich club rather than equally affecting all white matter connections of frontal and temporal brain regions. However, in this context other temporal and frontal (ie, non-rich club) pathways have also been suggested to have a role in the pathophysiology of schizophrenia. 16, 41, 61 Future studies are needed to examine whether and if so to what extent disconnectivity effects in schizophrenia are disproportionally accounted by rich club connections. Another main observation is an increased coupling between SC and FC in patients with schizophrenia. Although the overall level of both SC and FC was significantly reduced in patients, supporting previous observations and suggesting a reduced overall level of functional interactions in patients, 31, 32 the coupling between SC and FC was higher in patients. This increased correlation may suggest that the illness leads to functional interactions that are more directly related to the underlying anatomical connectivity of the brain and may be indicative of more stringent and less dynamic brain function in patients. In addition, confirming previous findings, 29,31,56 brain networks of patients had reduced levels of structural global efficiency. Our results may add to these findings, suggesting that this reduction in overall global communication capacity might be related to a decrease in rich club density. Rich club connections have been hypothesized to form a backbone for global brain communication, 36, 38, 62 and perhaps disease-induced reductions in rich club density may relate to a reduced structural capacity to integrate information (ie, less global efficiency) among different regions of the brain, resulting in more functionally isolated subsystems. Our findings may thus converge on the notion that schizophrenia is related to reduced structural interconnectivity among rich club hubs accompanied by reduced levels of global communication capacity and affected functional dynamics. Because of the cross-sectional design of our study, the direct causal relationship between abnormal rich club organization and concomitant changes in global efficiency and brain dynamics remains, however, unclear. Graph modeling studies could provide more insight into a possible causal relationship between affected rich club organization and global brain efficiency. 63 This study did not reveal a clear association between clinical metrics of patients and rich club organization, suggesting a complex relationship between connectome abnormalities in schizophrenia and clinical symptoms. However, in the context of an absence of such an association, one could speculate about the notion that connectome abnormalities (and rich club abnormalities in particular) might be more related to aspects of global outcome of patients rather than symptom severity or, alternatively, reflect a potential vulnerability factor for the disease. Future studies examining a possible familial and genetic background of rich club abnormalities are of potential importance. 10, 35 A limitation of the present study involves the use of the number of tractography streamlines among brain regions as the main measure of SC, including the assessment of diseaserelated differences. A reduction in fiber streamlines may relate to multiple factors, including changes in complex fiber architecture and changes in the local microstructural organization of white matter tissue. In addition, the brain network was examined at a relative low spatial resolution, including cortical regions of varying sizes, an effect that could potentially (eResults in Supplement) confound the observed rich club organization. Other studies 30, 34, 36 have advocated for the use of higher-resolution parcellation schemes, but the optimal resolution for patient studies remains unknown. Small connectivity changes may be missed at lower resolutions because of spatial averaging, but more fine-grained parcellation schemes have been found to involve higher levels of intersubject variability, levels that may outrange differences among groups. 64 New advances in multiscale approaches, examining connectome differences across different resolutions, are therefore of interest. 64, 65 In summary, this study finds abnormal rich club connectivity in schizophrenia, suggesting a reduced level of SC among key hubs of the human brain. Rich club connections have been proposed to constitute a backbone for brain communication, and our findings suggest that schizophrenia may involve a reduced structural integrity of this centrally embedded communication backbone. Reduced integrity of this system in schizophrenia may contribute to altered brain dynamics and reduced integration of information among different systems of the human brain.
